The research work reported in this paper involves investigation of the tensile behavior of fiberreinforced polymer (FRP) ground anchors. Variables of the tests on the anchor models were anchor fixed length, tendon type, and tendon constituent. Sixteen monorod and four multirod grouted aramid FRP (AFRP) (Arapree and Technora) and carbon FRP (CFRP) (CFCC and Leadline) anchors were tested according to standard methods of tensile tests and sustained load tests under different load levels. Test results indicated that AFRP Arapree and Technora monorod anchors showed higher displacement and slip in comparison with CFRP CFCC and Leadline anchors. Technora anchors failed because of the detaching of winding fibers from the core of the rod. CFRP anchors had a higher tensile capacity and lower creep displacement than AFRP anchors. All the tested CFRP monorod and FRP multirod anchors with a 1,000-mm fixed length appeared to have an acceptable tensile behavior according to existing codes. Creep behavior appeared to control the long-term tensile capacity of prestressed FRP ground anchors. The recommended working load for prestressed FRP ground anchors is 0.40 f pu for AFRP rods and 0.50 f pu for CFRP rods, where f pu is the ultimate load or strength of anchor tendons.
INTRODUCTION
The use of ground anchors has been a common practice in civil and mining engineering. Ground anchors function as temporary or permanent structural members to ensure the stability of various structural systems such as slopes, retaining walls, bridge abutments, tunnels, underground excavations, and reinforced concrete foundations. They are also used for the strengthening and rehabilitation of existing structures such as concrete dams and bridges. In general terms, a grouted anchor is a bar that is inserted and grouted into a hole drilled in rock/ concrete. Steel strands and wires have been used as anchor tendons for many years, but in certain aggressive environments, corrosion of steel tendons leads to durability problems. More recently, fiber-reinforced polymer (FRP) rods have been introduced in the market as tendons for prestressed concrete structures and prestressed ground anchors (Neale and Labossiére 1992; Nanni and Dolan 1993; Taerwe 1995; El-Badry 1996; Ehsani 1996, 1998; ''Non-metallic'' 1997) . Aramid FRP (AFRP), carbon FRP (CFRP), and glass FRP rods are the currently available products. Compared with prestressing steel, the advantages of FRP tendons are (1) high corrosion resistance; (2) high tensile strength (equal or superior to prestressing steel); (3) light weight (about 15-20% that of steel); (4) insensitivity to electromagnetic fields; (5) excellent fatigue behavior; and (6) possible incorporation of optical fiber sensors.
A prestressed ground anchor is a structural member axially stressed in tension. Hence, high axial tensile strength is one of the most important properties of FRP tendons. High cor- Note. Discussion open until October 1, 2001 . To extend the closing date one month, a written request must be filed with the ASCE Manager of Journals. The manuscript for this paper was submitted for review and possible publication on August 23, 1999; revised May 16, 2000 rosion resistance makes the anchor more durable, and no corrosion protection is required for FRP tendons. Therefore, the fabrication of FRP tendons becomes simpler and a smaller diameter of borehole will be sufficient to accommodate the tendons, resulting in savings in fabrication and drilling. Light weight makes transportation, handling, and installation of FRP ground anchors much easier and more efficient, especially for applications such as dams and foundations where accessibility is limited. Besides, fiber optic sensors can be integrated into FRP rods during the fabrication process and can make an important contribution to the process of monitoring ground anchors satisfactorily. On a long-term basis, sensors can improve the reliability of heavy-duty anchor systems and provide information on the functioning of these prestressing tendons, particularly on anchor-stratum interaction, load transfer, stress level, and creep or displacement of the anchor fixed length. Hence, it is envisaged that the combination of FRP tendons and optical sensors for permanent monitoring of structural elements will be the future of modern construction technology.
AFRP and CFRP tendons are currently used for prestressed ground anchors as a permanent support in civil engineering, whereas glass FRP rods are mainly used for rock bolts and cable bolts as a temporary support in mining engineering Aoyagi et al. 1996; Mochida and Hoshijima 1996; Noisternig and Jungwirth 1996) . A CFRP ground anchor is typically composed of three parts-anchor head, anchor free length, and anchor fixed length-as shown in Fig. 1 . CFRP ground anchors were first used to reinforce the abutment of a pedestrian bridge in Japan in 1990 (Mochida et al. 1992) . Since then, 23 cases of field applications for civil engineering in Japan have been reported (Zhang and Benmokrane 1999) . However, only limited experimental information is available about FRP rods as grouted anchor tendons. Because the surface deformation and mechanical properties of FRP rods are different from those of steel bars, sufficient experimental information about the service performance characteristics, such as bond strength with grout, tensile behavior, and long-term strength, should be made available.
The use of FRP tendons for prestressed ground anchors is being investigated at the Department of Civil Engineering, Université de Sherbrooke, Quebec Zhang et al. 2000) . The research program consists of laboratory and field tests, theoretical analysis, and practical applications of FRP ground anchors. The scope of the research includes fundamental properties of FRP rods, bond performance of grouted FRP tendons, and design of cement-grouted Hassani and Khan (1993) . b Noritake et al. (1993 FRP anchors. The fabrication, installation, stressing, and monitoring of FRP ground anchors for civil engineering applications will also be explored. The objectives of the research are to evaluate the performance of FRP ground anchors and to develop anchorage devices, method of installation, and stressing techniques. It is expected that this research program will develop and validate the design guidelines for FRP ground anchors and provide a methodology to predict the bearing capacity and the service life of FRP ground anchors. This paper presents the tensile behavior of cement-grouted AFRP and CFRP anchors.
TENSILE PROPERTIES OF AFRP AND CFRP RODS
FRP tendons are available in the forms of rod or cable, rectangular strip, braided rod, and multiwire strand. In this project, four types of commericially available pultruded AFRP and CFRP rods, namely, Arapree, Technora, Leadline, and CFCC, were selected for the investigation. A picture of the FRP rods used is shown in Fig. 2 . Arapree (ARAmid PREstressing Element) was developed jointly by AKZO and Hollandsche Beton Groep in The Netherlands, and manufacturing rights have been transferred to Sireg SpA of Italy (Gerritse 1993) . Arapree rod (coded AR) has a circular cross section with a diameter of 7.5 mm and sand-coated surface. Technora rod (TE) was developed jointly by Sumitomo Construction Company and Teijin Corporation in Japan (Noritake et al. 1993) . It has a small bundle of fibers spirally wound around the rod and glued with resin to improve the bond. The diameter of the rod is 8 mm. Leadline rod (LE) was manufactured by Mitsubishi Kasei Corporation in Japan (Mitsubishi Kasei Corporation 1992) . It is in an indented shape with a circumferential winding transverse to the longitudinal axis of the rod and has a nominal diameter of 7.9 mm. Carbon Fiber Composite Cable (CFCC) was developed by Tokyo Rope in Japan (''Technical'' 1993) . CFCC (CF) is a twisted seven-wire strand with a nominal diameter of 7.5 mm.
FRP rods are anisotropic materials. Factors such as type and volume of fiber and resin, fiber orientation, and quality control during the manufacturing play a major role in the mechanical characteristics of the product. The matrix, with its low strength, does not significantly contribute to the strength of the rod. Hence the strength and modulus of elasticity of an FRP depend mainly on the properties of the fiber and its volume ratio. Table 1 shows the main mechanical properties of the used FRP rods as obtained from the manufacturers. It can be seen that the characteristic tensile strength of CFRP CFCC or Leadline rods or AFRP Technora rods is equal to or higher than that of prestressing steel, whereas the characteristic tensile strength of AFRP Arapree rods is 73% of that of prestressing steel. The modulus of elasticity of FRP rods is lower than that of prestressing steel by 29.7% for CFRP rods and by 72% for AFRP rods.
Tensile verification tests on the properties of the FRP rods were also conducted using specimens cut from the same rods as the ones used in the anchor model tests later. Each specimen was cut into a length of 1,600-mm-long sections and anchored with a grouted anchor system at each end. Tensile tests were carried out using a hydraulic loading system with a capacity of 270 kN. The specimen was inserted into the test frame and gripped by two thick plates at the anchored ends. The internal load cell was used to monitor the applied loads. Two clip-on 50-mm extensometers were attached to the specimen at the onset of the test and used to measure the longitudinal and transverse deformations of the specimen by means of built-in attachment springs. The load cell and the extensometers were connected to a data logging system. The tensile force was applied at a constant specified stressing rate of 250 MPa/min [Canadian Society for Civil Engineering (CSCE) 1998].
The tensile tests of the FRP rod specimens were carried out until rupture of the FRP rods. Typical stress-strain curves of FRP rods are practically linear at all stress levels up to the point of failure, without exhibiting any yielding such as that observed for steel. The slope of the curve corresponds to the experimental modulus of elasticity E. The abscissa of the maximum point was then used to estimate ultimate strain at failure. The tensile test results for all specimens are summarized in Table 1 . It is indicated that the three tested Arapree specimens obtain an average ultimate tensile strength of 1,426 MPa, 5% lower than the reported mean. The values of the modulus of elasticity are 5, 1.6, and 1% below the reported value for specimens 1-3, respectively. The ultimate tensile strength of Technora rod specimens is not presented in Table 1 , as the rod did not fail in tension because of the continuous slip of the rod from the grout. However, the obtained moduli of elasticity of the two tested specimens are 18 and 21% lower than the reported value, respectively.
The tested Leadline rod specimens obtained an average ultimate tensile strength of 2,906.7 MPa, about 10% higher than the reported mean and 30% higher than the guaranteed capacity. The obtained average failure strain and modulus of elasticity are 37 and 9% higher than the reported corresponding values, respectively. For the two tested CFCC specimens, the experimentally determined results of tensile strength, modulus of elasticity, and ultimate strain appear to be in good agreement with the reported data.
UPLIFT TEST PROGRAM
The experimental program of this research included tensile tests and sustained load tests at various loading levels on grouted FRP anchor models. The variables for the tests were tendon type and constituent, and anchor fixed length. One type of bond anchorage was used as the anchor head, and one specific type of host medium and filling grout were used for all the tests.
Tendon Constituent
For each type of FRP rod, there were two types of tendon constituents, named as single (coded S) and multiple (four rods) (M). For multirod tendons, the four FRP rods were assembled in parallel and maintained using nylon fasteners placed at equal intervals of 300 mm along the tendon. The fasteners had a diameter slightly smaller than that of the borehole and a central hole allowing a better flow of the injected grout. They also played the role of spacers, allowing a better centering of the tendon into the borehole and facilitating the injection of grout.
Host Medium
The material used to simulate a rock medium was a cementsand mortar filled in one or two superimposed steel barrels. The mortar mix design used for 1 m 3 of the mixture was 784 kg of cement, 1,332 kg of sand, 230 L of water, and 15.5 L of fluid superplasticizer, with a water-cement ratio (by weight) of 0.3. The cement used was a standard Portland cement Type 10 SF (Type 10 Portland cement contains about 8% of silica fume) produced by Lafarge Co. The sand was natural siliceous sand having a fineness modulus of 2.4, density of 2.65 g/cm 3 , and water/moisture absorption of 1.2%. The superplasticizer was Disal, produced by Handy Chemical Co. The mixture had a flow of 115-120% after only seven drops by the flow test, according to ASTM C 230, and provided an excellent condition for the installation of FRP tendons in the metal barrels. After 90 days of curing, the time of the realization of the grouted anchor tests, five cylinder samples of the mortar had an average compressive strength of 91.0 Ϯ 3.5 MPa, elastic modulus of 35.7 Ϯ 0.2 GPa, and Poisson's ratio of 0.110 Ϯ 0.007.
The metal barrel had a diameter of 600 mm and a height of 750 mm. The borehole diameter in the center of the mortar cylinder was 32 and 50 mm for monorod and multirod tendons, respectively. The boreholes were created with vertical expanded foam (Styrofoam) columns installed in the barrels before casting the mortar. After 15 days of curing the mortar, the foam columns were extracted from the barrels. Each obtained borehole was then cleaned over its whole length, using a rotary electric brush to create a very rough wall surface, which is necessary to avoid a rupture at the grout-host medium interface during the uplift tests.
Filling Grout
The most common and cheapest material used for fixing and protecting ground anchors is neat cement grout. The ideal characteristics of the grout for this application include (1) adequate fluidity to ensure that travel through the entire duct length is achieved with the available placement equipment; (2) sufficient open time (delayed set) to ensure that the fluidity remains at the desired level for a reasonable period of time; (3) acceptable consistency to minimize the potential for bleeding, segregation, and creation of voids; (4) adequate bond strength or adhesion properties to assure transfer of the stress from the tendon to the structural member; and (5) resistance to damage from the effects of freeze/thaw cycling.
A certain type of cement-based grout named CG1, already proved to be effective (Benmokrane et al. , 1996 , was used as the bonding agent. It was a plain grout made from Type 10 Portland cement (ASTM I) with a water-cement ratio of 0.4 and 0.6% of superplasticizer solids by weight of cement. After 28 days of curing at room temperature in water, the grout developed a compressive strength of 62.6 MPa, modulus of elasticity of 17.4 GPa, and Poisson's ratio of 0.11.
Anchor Models
The FRP rods were cut into 1,750-or 2,700-mm-long pieces. A bond anchorage was used as the anchor head of the grouted anchors. The single or multiple FRP rods were bonded by a high-performance resin mortar inside a steel tube (sleeve), as shown in Fig. 3 . The steel tube was 750 mm long and 5 mm thick. Its external diameter was 35 and 45 mm for monorod and multirod tendons, respectively. Its inner surface was serrated to increase bond strength, and the outer surface was threaded over 200 mm at each end for locking nuts. Then the tendon was inserted into the borehole. The selected grout was poured into the borehole by gravity from the top of the borehole and then stirred up several times using a stem to ensure a good homogeneity without any entrapped air bubble. The anchor fixed lengths were 450 and 1,000 mm, designed as 045 and 100, respectively. The lengths were ensured by using a rigid plastic tube, with a diameter slightly larger than that of the tendon, to isolate the tendon from the filling grout over the free length. The anchor was maintained in place during the curing period of grout, using a metal angle fixed on the barrel. Twelve groups of anchor models were tested, including two specimens for each type of monorod anchor and one specimen for each type of multirod anchor. Table 2 indicates the designations for all the anchor models.
Test Procedure
The tensile tests were conducted following a procedure as described in BS 8081 [British Standards Institution (BSI) 1989] and DIN 4125 (''Ground'' 1990) under the name of proving tests on ground anchors. The design working load T w of an FRP-grouted anchor was defined to be equal to 0.50 f pu ( f pu is the ultimate load or strength of an anchor tendon). The maximum proof load should generally be 1.25T w and 1.5T w for temporary and permanent anchors, respectively (BSI 1989). The load was applied using a hydraulic jack at a loading rate of 30-40 kN/min. The initial seating load or datum load T i was about 0.10T w -0.20T w , and then the load was increased in cyclic stages to 0.5T w , 0.75T w , 1.0T w , and 1.25T w , until the maximum proof load was reached. The corresponding tendon displacements were measured by LVDTs fixed on the surface of the tendon at a predetermined distance from the top of the filling grout, and the outputs from the LVDTs were collected, using a data acquisition system, at every 2.5 s. The measured displacement results from superimposed factors: the elongation of the tendon itself and the slip of the tendon with respect to surrounding grout.
FIG. 3. Anchor Tendon-Anchorage Assembly
Following the tensile tests, sustained load tests were also conducted on some of the anchor models at two loading levels of about 0.60 f pu and 0.80 f pu . The test setup of the anchor model is presented in Fig. 4 .
EXPERIMENTAL RESULTS AND DISCUSSION

Evaluation of Tensile Test Results
The measured values of load and displacement from the tensile tests can be illustrated by load-displacement curves, as shown in Fig. 5 . The elastic extension displacement curves are deduced from the load-displacement curves. In accordance with BS 8081 (BSI 1989) , the anchor apparent free length L app can be calculated from the load-elastic extension displacement curve over the range of 0.05 f pu -0.80 f pu , using the manufacturer's value of elastic modulus and allowing for the temperature, bedding of the anchor head, and other extraneous movements
app T where A t = cross-sectional area of the tendon; E t = manufacturer's elastic modulus for the tendon unit; ⌬ e = elastic extension displacement of the tendon, which is equated to the displacement monitored at peak cyclic load minus the displacement at datum load, after allowing for structural movement; and T = peak cyclic load minus datum load. The anchor apparent free length for each loading stage reveals the extent of debonding occurring at the top part of the anchored zone, and consequently, the effective load-transfer zone over the anchor fixed length can be determined. The objectives of tensile tests are to check the load-bearing capacity of a grouted anchor and to provide proof that the calculated anchor apparent free length does not significantly differ from the designed value L d and that friction losses are low. These requirements shall be deemed to be satisfied if the calculated anchor apparent free length is not <0.90L d nor >L d plus 0.50 of anchor fixed length intended in the design or 1.10L d [BS 8081 (BSI 1989) ; DIN 4125 (''Ground '' 1990) ].
The slip (permanent displacement of anchor) values are calculated as the net displacement after taking into account the elastic elongation of rods
mea bar in which ␦ = total slip of tendon inside grout; ␦ mea = measured total displacement; and ␦ bar = tendon elastic elongation, which is calculated from ␦ bar = (TS)/(E t A t ), where S = distance of the LVDT from the top of the bond length. The slip curve (hysteresis of the load-discharging curve) makes it possible to judge the quality of the host medium and the tendon-grout interface. The anchor apparent stiffness K app , defined as the slope of the slip curve, can then be used as a comparative value to evaluate slip behavior for various tendons considered. Nominal maximum bond stresses are calculated as the maximum tensile load divided by the surface area of the tendon within anchor fixed length, as given in Table 3 .
Tensile Behavior of FRP-Grouted Anchors
As shown in Fig. 5 , the elastic extension displacement curves generally consisted of two phases of nonlinear and linear curves, depending on the load level. The anchor apparent free lengths increased with the applied loads. Over lower load ranges, the apparent free lengths were smaller than the designed value. This result indicates that the presence of the PVC sheath, used to isolate the tendon from the filling grout, has a friction effect to bond the tendon under a lower loading level so that the apparent free length is shorter than the designed value. With the increase in load, the friction gets blurred. The apparent free length becomes constant, presenting a linear elastic displacement curve. This phenomenon is common to all prestressed grouted anchors and is known by the term ''friction losses over the free length.''
The slip curves of the grouted anchors generally presented a nonlinear variation according to the applied load. The anchor apparent stiffness decreased with the increase of the applied load. It implies that debonding occurs and is aggravated with the tensile load.
As shown in Table 3 , the tensile tests were continued on some of the FRP monorod anchor models with 450-mm anchor fixed length until anchor failed either by attaining the maximum capacity or by pulling the tendon out. The anchors showed various tensile behaviors according to tendon types. The elastic extension displacement curves of the CFRP anchors remained inside the acceptable field, whereas those of AFRP anchors were unacceptable according to BS 8081 (BSI 1989) . AFRP monorod anchors showed premature failures due to the debonding of either tendon (Arapree) from resin within the anchorage zone or winding fibers from the core of the tendon (Technora) within both anchorage and anchor fixed zones. The tensile capacity was 0.66 f pu and 0.30 f pu for Arapree and Technora anchors, respectively. In comparison with AFRP anchors, CFRP anchors appeared to have higher tensile capacity. CFCC anchors were able to sustain a load up to 50 kN (0.83 f pu ) without failure. Leadline anchors presented a tensile capacity of 0.66 f pu or higher, with anchor LE045S-1 having excellent tensile capacity of 1.0 f pu with tendon rupture.
Based on the tensile results of the grouted anchors with 450-mm fixed length, an anchor fixed length of 1,000 mm seems to be sufficient to avoid tendon-grout interface failure. Test results indicated that all the tested CFRP monorod anchors with an anchor fixed length of 1,000 mm showed an acceptable tensile behavior. The CFRP CFCC and Leadline grouted anchors were capable of sustaining a tensile load up to 0.80 f pu without failure, whereas the AFRP Arapree and Technora anchors still showed the same failure modes as those with 450-mm anchor fixed length. The tested mean tensile capacity was Tensile tests on FRP multirod anchor models with 1,000-mm anchor fixed length indicated that all the anchors presented an acceptable elastic extension behavior, except Arapree multirod anchor under a load level of 0.75 f pu (198 kN) . After sustained load tests at a load level of 0.66 f pu , the Arapree anchor showed an unacceptable tensile behavior, having an apparent free length larger than the specified upper limit according to BS 8081 (BSI 1989) . Sustaining a tensile load of 0.75 f pu , the Technora multirod anchor failed because of detaching of tendon winding fibers, whereas CFRP CFCC and Leadline anchors appeared to be capable of sustaining a tensile load up to 0.8 f pu without failure. Fig. 6 shows the total displacement and slip behavior of the specified tensile tests on grouted AFRP and CFRP multirod anchors. It is shown that tendon types affect the tensile behavior of grouted FRP anchors. Under a load of 0.50 f pu , the total displacement of AFRP (Arapree and Technora) anchors varies between 5.5 and 7 mm whereas that of CFRP (CFCC and Leadline) anchors varies between 3.4 and 4.2 mm [ Fig.  6(a) ]. The slip behavior of AFRP anchors also differs from that of CFRP anchors. AFRP anchors slip once the load is applied, whereas CFRP anchors roughly do not slip until a load of approximately 0.35 f pu . Although the initial free length of AFRP anchors is shorter than that of CFRP anchors (Table  3) , the net slip shown by the former is much higher than that by the latter under the same load level as shown in Fig. 6(b) . plied load over the load range 0.35 f pu -0.50 f pu , indicating an extra elastic extension of tendons due to debonding at the top part of the anchored zone. Thus, although debonding phenomenon is common to all grouted anchors, its initiation depends on the tendon types. The slip behavior of a grouted anchor depends not only on the tendon-grout bond properties but also on the elastic properties of the tendon itself.
Effect of Tendon Type
Effect of Anchor Fixed Length
Tensile test results have indicated that the increase in fixed length from 450 to 1,000 mm gives the grouted CFRP anchors an acceptable tensile behavior (the elastic extension displacement curves remain inside the acceptable field). As shown in Table 3 , the increase in anchor fixed length makes CFRP anchors have a higher tensile capacity and apparent stiffness but lower nominal bond stress. The increase in tensile capacity for all the tested anchors is not proportional to the increment of anchor fixed length. In fact, bond stresses are not uniformly distributed along the anchor fixed length. Bond failure occurs first at the entry of the tendon and then propagates to the whole fixed zone with the increase of applied load. Because of the effect of the friction force existing at the failure zone, the anchor with larger fixed length has higher tensile capacity and initial stiffness, as well as larger slip at failure, but the anchor stiffness at failure may become lower.
It should be noted that, with the increase of anchor fixed length from 450 to 1,000 mm, AFRP grouted anchors appear to maintain almost the same mean tensile capacity. In fact, because the bond failure of AFRP grouted anchors is due to the debonding of the winding fibers or sand-coated layer to the core of the rod, the friction effect existing at the debonding zone is very limited. Thus, the increase in anchor fixed length of >450 mm has an insignificant effect on the tensile capacity of AFRP grouted anchors.
Effect of Cross-Sectional Ratio of Tendon to Borehole
Test results have also indicated that, in comparison with monorod anchors, multirod anchors have a higher apparent stiffness. AFRP multirod anchors present higher tensile capacity and nominal bond stress, as shown in Table 3 . This behavior is attributed to the difference in cross-sectional area ratio of tendon to borehole. Previous studies have shown that, as the grout cover decreases, the deformation in the grout decreases for a given load. This would tend to restrain the rod, thereby increasing the anchor stiffness. This increase in stiffness results in the increase of load capacity (McKay and Erki 1993; Benmokrane 1994) . In fact, the cross-sectional area ratio of the grouted anchors is 6.3% for monorod anchors and 10.3% for multirod anchors. An increase in the cross-sectional area ratio involves the improvement of the tensile behavior, including the tensile capacity and apparent stiffness. However, the ratio should be within a limit so as not to inhibit grout flow. Minimum grout cover and clear spacing should be provided to ensure separation between the individual components of the tendon and thus the effective penetration of grout to provide adequate bond. According to existing codes [BS 8081 (BSI 1989) and DIN 4125 (''Ground'' 1990) ], the minimum grout cover and clear spacing between the individual rods of the tendon are 5 mm for parallel multirod tendons. In general, tendon diameter and grout cover dictate the minimum borehole diameter. However, the final borehole diameter will be chosen according to the closest drill size available on the market. In view of previous field applications and research results (Benmokrane et al. 1996 (Benmokrane et al. , 1997 Benmokrane and Xu 1996; Zhang and Benmokrane 1999) , it is recommended that the cross-sectional area ratio of tendon to borehole for FRP ground anchors is in the range of 3-12%.
Effect of Loading History
Leadline multirod anchor LE100M was subjected to two tensile tests. The first was composed of five loading-unloading cycles and a creep test following the last load cycle of 0.54 f pu . The second had four loading-unloading cycles including two creep tests at load levels of 0.66 f pu and 0.80 f pu , respectively. Test results have indicated that the elastic extension displacement curves for the two tensile tests remain inside the acceptable field over all the load ranges considered, but the slip behavior appears different, as shown in Fig. 7 . The apparent anchor stiffness at the second tensile test is two times higher than that at the first one over the same load range. The preloading conditions appear to benefit the tensile behavior. In fact, preloading conditions make the anchor system more fitting, mobilizing longer fixed length and probably consolidating the host medium. Therefore, the apparent anchor stiffness is improved.
Evaluation of Sustained Load Test Result
Theoretically, the deformation of a solid sustaining a constant load can be illustrated by a curve representing its evolution according to time. This curve typically consists of three phases: primary creep with a decreasing deformation speed speed (stationary state property), and tertiary creep with an increasing creep until rupture. With regard to the sustained load tests of prestressed grouted anchors, the acceptance criteria differ from one country to another according to the standards and recommendations in effect. The BSI requires a limit of 5% of the initial displacement of the grouted anchors after 15 min of test; other codes stipulate a limited creep displacement of about 2 mm for prestressed permanent steel anchors injected in a host medium not presenting a significant creep [BS 8081 (BSI 1989); Habib 1989; DIN 4125 (''Ground'' 1990) ; Post-Tensioning Institute (PTI) 1990]. The BSI thus makes it possible to take into account the elastic properties of the tendons and seems to be more restrictive. Therefore, the obtained results will be compared exclusively with the acceptance criterion of the BSI. Sustained load test results indicated that, except for anchors AR045S-1 and LE045S-2, which showed creep failure at the tendon-grout interface, all other anchors presented the first two stages of creep curve for 60 min of sustaining load tests. The creep displacement of grouted FRP anchors is influenced by tendon type and constituent, fixed length, load level, and loading history. As shown in Table 4 , AFRP grouted anchors present a higher creep displacement than CFRP ones under the same conditions. Monorod anchors show a higher creep displacement than multirod ones. The increase in cross-sectional area ratio of tendon to borehole appears to improve the sustained loading behavior. A longer anchor fixed length involves a reduction in creep displacement, especially in the primary creep speed. The increase of the sustained load gives rise to increase in the creep displacement. Furthermore, the tendon itself creeps under sustained constant load. As shown in Table  5 , the readings from the strain gauges installed over the free length of AFRP grouted anchor AR100M indicate that the tendon creep deformations after 60 min are 0.046 and 0.056% under loads of 0.66 f pu and 0.75 f pu , respectively. These results seem to agree with the creep deformation of 0.04% under a load of 0.50 f pu obtained by Gerritse (1993) . Fig. 8 shows the creep displacements of the monorod and multirod anchors after 15 min. Subjected to a constant load of 0.66 f pu , all the tested CFRP (CFCC and Leadline) monorod anchors and FRP multirod anchors demonstrate an acceptable creep behavior, whereas AFRP Arapree anchors with a fixed length of 450 mm show a higher creep displacement, in comparison with BS 8081 (BSI 1989) . Under a load of 0.80 f pu , the tested FRP grouted anchors show variable creep behavior. The behaviors of anchors CF045S-2, CF100S-1, LE100S-1, and CF100M are acceptable, whereas anchors AR100M, CF100S-2, and LE100S-2 show a higher creep displacement than the BSI limit. In comparison with the tensile test results, creep behavior appears to control the long-term tensile capacity of grouted FRP anchors.
CONCLUSIONS
In this investigation, laboratory uplift tests on 16 monorod and 4 multirod (4-rod) FRP grouted anchors were conducted following the standard test procedures. Four types of AFRP and CFRP anchor tendons and two types of anchor fixed lengths were investigated. Experimental results on the evaluation of tensile behavior of cement-grouted FRP anchors were reported. The effects of parameters, such as tendon type and constituent, anchor fixed length, cross-sectional ratio of tendon to borehole, and loading history, were discussed. The results obtained would assist practicing engineers in the design of FRP anchors for applications in civil engineering. In particular, it was found that • The stress-strain relation of FRP rods is linear at all stress levels up to the point of failure, without exhibiting any yielding of the material. The manufacturers' values of strength, modulus of elasticity, and ultimate strain appear to be in good agreement with experimentally derived results. Compared with the reported mean ultimate capacity, the tested mean value is 5% lower for Arapree rods, about 10% higher for Leadline rods, and 5% higher for CFCC.
• FRP multirod ground anchors show an acceptable tensile behavior with higher tensile capacity. The maximum acceptable proof load varies with tendon type, 0.60 f pu for Arapree, 0.66 f pu for Technora, and 0.83 f pu for CFRP CFCC and Leadline.
• Subjected to a proof load of 0.66 f pu , all tested FRP multirod grouted anchors show an acceptable creep behavior according to existing codes. However, creep behavior controls the long-term load-bearing capacity of prestressed FRP ground anchors. The creep behavior of grouted FRP anchors should be evaluated in practical anchor conditions including tendon components, injected grout, host medium, and service conditions. This aspect will be investigated in future studies.
• It is recommended to use FRP multirod ground anchors in engineering practice. The design working load is 0.40 f pu for AFRP and 0.50 f pu for CFRP. The cross-sectional area ratio of tendon to borehole should be 3-12%, provided that the minimum grout cover and clear spacing between the individual rods of the tendon are 5 mm for parallel multirod tendons.
